A new special-purpose computed tomographic ͑CT͒ imaging system is described which produces images based on measurements of the low-angle (0Ϫ10°) x-ray diffraction properties of an object. Low-angle scatter in the diagnostic x-ray energy range is dominated by coherent scatter, and the system uses first-generation CT geometry to acquire a diffraction pattern for each pencil beam. The patterns are used to reconstruct a series of images which represent the coherent-scatter intensity at a series of scatter angles. To demonstrate the potential of coherent-scatter CT ͑CSCT͒, the scanner has been built and used to image a phantom consisting of a water-filled Lucite cylinder containing rods of polyethylene, Lucite, polycarbonate, and nylon. In this paper, the system is described and a sequence of CSCT images of this phantom is shown. Coherent-scatter cross sections of these materials are generated for each pixel from this sequence of images and compared with cross sections measured separately. The resulting excellent agreement shows that the angular-dependent coherent-scatter cross section can be accurately imaged in a tomographic slice through an object. These cross sections give material-specific information about the object. The long-term goal of this research is to make measurements of bone-mineral content for every pixel in a tomographic slice © 1997 American Association of Physicists in Medicine. ͓S0094-2405͑97͒01301-1͔
I. INTRODUCTION
X-ray diffraction is commonly used to determine the structure of matter at the atomic level. This phenomenon occurs when x rays scatter elastically from the electrons in matter. Due to the coherence between the scattered x rays, interference effects occur which lead to diffraction patterns. The degree of interference is dependent on the momentum transfer argument, x, conventionally given by xϭ͑1/ ͒sin͑ /2͒, ͑1͒
where is the angle of deflection of the x rays and is the wavelength of the x rays. The actual momentum transferred to an x-ray photon is given by multiplying x by twice Planck's constant. In the momentum transfer range 0рxр0.25ϫ10 10 m Ϫ1 , inter-atomic interference effects are observed and diffraction peaks occur. Coherent scatter in this regime is usually referred to as x-ray diffraction and can be characteristic of the particular material under study. When x is beyond this range, free-atom behavior is observed and interference effects are due only to scattering by different electrons within the same atom. The coherent-scatter distribution is therefore smooth with no diffraction peaks.
The method of x-ray diffraction is a natural method for determining crystal structures since the diffraction patterns generated are dependent upon the atomic locations within the crystal. However, there are potential medical applications as well. For instance, a method of measuring bone-mineral content ͑BMC͒ using measurements of low-angle coherent scatter ͑x-ray diffraction regime͒ has been developed by Newton et al. 1 They used monochromatic 8 keV x rays to find the angles of peak scatter for adipose tissue and cortical bone. They then measured the scatter from ten composite samples consisting of adipose tissue and cortical bone in known proportions and calculated the ratio of the scatter intensity at the adipose peak to that at the cortical bone peak. They found that these ratios correlated well with the known proportions of adipose tissue and cortical bone as well as with separate measurements made by ashing and histomorphometry. Harding et al. 2 developed a method of imaging the scatter using polychromatic radiation ͑100 kVp͒ at a fixed angle ͑3.6°) with an energy-resolving detector. This allows scatter to be measured as a function of x by fixing and varying rather than by fixing and varying . The system interrogates the voxel ͑0.5 mm ϫ 0.5 mm ϫ 0.5 mm͒ defined by the intersection of the paths delineated by the source and detector collimators. An object can be imaged by scanning it through this focal point in a raster pattern. A drawback to this technique is that it makes inefficient usage of the x rays which hit the object, thereby leading to a high x-ray dose.
Kerr et al. 3 have described a method of using coherent scatter in the free-atom regime to measure BMC. Since freeatom behavior gives information about elemental composition but not structure, this is not as direct a method as the former. Although this method allows only an average measurement of BMC over a volume of interest, it has been suggested that measurements of coherently scattered x rays can result in a more accurate measurement of BMC than methods which are currently used clinically, 3, 4 since current clinical methods are density dependent and are susceptible to errors introduced by variable fat content. This paper describes an imaging method, coherent-scatter CT ͑CSCT͒, which is used to determine the angular-dependent coherentscatter cross section for every pixel in a tomographic slice. The goal is to use this information to measure BMC for every pixel independently of density and fat or other tissue content.
A method has recently been described for measuring diffraction patterns generated using a poly-energetic x-ray beam. 5 The system uses a conventional diagnostic x-ray tube and an x-ray image intensifier ͑XRII͒ to detect the diffraction patterns. It was shown that in spite of the poly-energetic spectrum employed, there are still significant differences between the patterns from the materials examined which allow the materials to be identified. The present paper describes how the same system is used to detect the diffraction patterns which are then used to reconstruct CSCT images. The system has been designed to measure scatter in the momentumtransfer range 0рxр0.3ϫ10 10 m Ϫ1 , thus providing structural and material-specific information.
II. THEORY
The principle of reconstructing tomographic images of objects based on coherent-scatter diffraction patterns has been described by Harding et al. [6] [7] [8] using a matrix of 61 bismuth germinate detectors and photomultiplier tubes. The theory is briefly summarized here although in a slightly modified form due to the fact that an imaging receptor is used in the system described here and detected signals are described by fluences rather than numbers of quanta. In addition, an expression is derived to describe the noise in CSCT images.
A. Tomographic reconstruction of the coherentscatter cross section
The acquisition geometry for CSCT imaging is shown schematically in Fig. 1 . The number of x-ray photons scattered from object element dl at l to the small area dA of the detector is given by dN(), where The possibility of reconstructing tomographic images based on coherent-scatter diffraction patterns relies on a series of simplifying assumptions. The first is that the multiple scatter component can be neglected or removed. The second is that the attenuation is the same along all paths through the object, i.e., N 0 T p T s is a constant and is equal to the number N t of photons transmitted through the object. In this equation both x and ⌬⍀ are functions of l, although this dependence can be removed to a good approximation when the objectdetector separation is large compared to the object size. Given these assumptions, the number of x-ray photons scattered from object element dl at l to dA is approximately
The diffraction patterns are acquired using an imaging detector which integrates the scattered x-ray fluence over each pixel. It is therefore useful to describe the scatter in terms of a scatter fluence as a function of scatter angle. The fluence ͑quanta/cm 2 ) at dA scattered from object element dl is given by
The solid angle subtended by dA, evaluated as the area of dA projected onto a sphere of unit radius, is
The total scattered x-ray fluence at dA is obtained by integrating this quantity along the path through the object, giving ⌽() gives the scattered x-ray fluence as a function of scatter angle and describes the diffraction pattern generated by an object.
In the experiments described here the scattered x-ray fluence is integrated in circular annuli on an imaging detector. Many biological materials are either amorphous or polycrystalline, and hence the diffraction patterns are generally circularly symmetric. The approximate number of x rays scattered into a narrow annulus can be obtained by multiplying the x-ray fluence by the area of the annulus. For an annulus of width ⌬ i at i , the area is
and the solid angle subtended by this annulus is
Therefore, the total number of x rays scattered into this annulus is given by
Normalizing to scatter per unit solid angle and per transmitted x ray, and defining this quantity as Q i , gives
This line integral has a form similar to the line integrals of the linear attenuation coefficient in the measured projection data in conventional CT, given by
This suggests that it is therefore possible to use conventional CT reconstruction techniques to generate tomographic images. Rather than the linear attenuation coefficient (l), the quantity n 0 d tot /d⍀͓l,x( i )͔ is reconstructed. This quantity will be defined as the ''differential linear coherent-scatter coefficient per unit solid angle'' ␥͓l,x( i )͔, giving
The subscript i indicates that a series of images can be reconstructed, with the ith image corresponding to the signal detected within the ith annulus. Additionally, since coherent scatter dominates over Compton scatter at low scatter angles in the diagnostic energy range, ␥͓l,x( i )͔ will consist primarily of the coherent-scatter cross section. In principle, it is not necessary to integrate the scatter signal in annular rings. The detector elements can be chosen to have any arbitrary shape and position on the detector.
B. Noise in coherent-scatter CT images
The method described above results in a series of scatterangle dependent images. The noise in each image is estimated by drawing on results developed for conventional CT images. 10 For conventional CT using filtered backprojection, the variance in the reconstructed value of the linear attenuation coefficient at the center of a homogeneous object is given by
where m is the number of projection angles, a is the pixel dimension ͑cm͒ in the reconstructed image, f is the convolution kernel ͑cm Ϫ1 ), and P is the dimensionless projection ray-sum given by Eq. ͑11͒. The corresponding expression for the variance in the reconstructed value of ␥͓l,x( i )͔ at the center of a homogeneous object using filtered backprojection is therefore given by
The number of x rays scattered into detector annulus i, N i , is Poisson distributed, and hence N i 2ϭ N i . The variance in Q i is therefore the dimensionless quantity ͓using Eq. ͑10͔͒:
The sum of the squares of the filter function equals 1/12a 2 for a ramp filter. 11 Also, for a uniform object of width W ͓Fig. 1͔, ␥͓l,x( i )͔ in Eq. ͑12͒ is constant with respect to l and hence the signal variance for the ith annulus ͓Eq. ͑16͔͒ is
Therefore, the signal-to-noise ratio for a pixel in the center of a CSCT image of a homogeneous object will be
͑19͒
Since N t ϭ⌽ t bh where ⌽ t is the transmitted x-ray fluence and b and h are the width and height of the x-ray beam, respectively,
The transmitted x-ray fluence is given by
where d⌽ 0 /dE(E) is the incident x-ray spectrum. For comparison, the SNR in the center of a conventional CT image of a homogeneous object, derived using the same approach, is given by 10 SNR ϭ ͫ ϭ0.008 cm Ϫ1 . At first glance, this low value appears to suggest that CSCT images may have too low a SNR to be useful. However, the fact that the CSCT method produces an angle-dependent sequence of images, sometimes with strong contrasts between different materials, makes a direct comparison of conventional CT SNR with CSCT SNR difficult.
III. METHODS

A. System description
Tomographic imaging of the coherent-scatter cross section was first demonstrated by Harding et al. [6] [7] [8] They used a 120 kVp x-ray beam and an array of 61 bismuth germinate scintillators and photomultipliers to detect the diffraction patterns. These scintillators covered approximately 40% of the available area. The scintillators were 1 cm in diameter and their typical object-detector separation was 50 cm. With this geometry, each detector subtended an angular range of approximately 1°, or 1/6 of the total angular range measured. This was a source of significant blurring of the cross-section measurements. Also, scatter was measured at 10 angles from 1.3°to 6.1°. This incomplete sampling of the cross section could possibly lead to aliasing. Their typical object size was 15 cm, which was a significant fraction of the object-detector separation and resulted in a significant blurring of the crosssection measurements as well.
The approach used here employs several changes which have been made to tailor the system to the unique requirements of CSCT imaging. The experimental setup is shown schematically in Fig. 2 . The scatter object is supported on a specimen stage in the path of a 1 mm ϫ 1 mm x-ray beam ͑GE Maxiray 125 x-ray tube͒. The source-object distance is 25 cm. The transmitted primary beam is blocked by a 3 mm thick lead disk while low-angle scatter is detected by a CsI XRII ͑Thomson͒. The light from the output phosphor of the XRII is coupled through a lens to a 1024 2 charge-coupled device ͑CCD͒ ͑Tektronics TK1024͒. With the XRII placed 30 cm from the object and a tube voltage of 70 kVp, most of the coherent-scatter diffraction pattern intensity occurs within a radius of 5 cm from the primary beam ( i Ͻ10°). This system has been described previously. 5 Relative to the Harding approach, smaller objects (ϳ 3 cm͒ are imaged with an object-detector separation of ϳ 30 cm, resulting in scatter-angle resolution advantages. 5 Additionally, the use of smaller objects allows more of the scattered x rays to penetrate the object, which in turn allows the use of lower energy x rays for which the coherent-scatter cross section is larger. The detector has 100% active area which allows a more complete sampling of the cross section. Finally, the annular rings in which the scatter signal is integrated can be of virtually any width, thereby ensuring this width is not a significant source of cross-section blur. With the present system, the only significant source of blur is the spectral width of the x-ray beam. 5 A rms spectral width of 14% is obtained at 70 kVp, corresponding to a cross-section blur of approximately 0.7°at 5°scatter. Other sources of cross-section blur, such as finite object size, finite beam width, and image intensifier distortions, were shown to be insignificant. CT data sets are generated using first-generation geometry with translate-rotate motions of the specimen stage.
B. Coherent-scatter CT imaging of a test phantom
A 3.1-cm-diameter test phantom ͑Fig. 3͒ was constructed and imaged to test the system. The phantom consists of a water-filled Lucite cylinder containing 6 mm rods of polyethylene, Lucite, polycarbonate, and nylon ͑materials used in the AAPM CT low-contrast phantom͒. These are the same   FIG. 2 . Schematic illustration of equipment used to acquire coherent-scatter diffraction patterns. CT images are generated using first-generation geometry with translate-rotate motions of the specimen. FIG. 3 . Schematic diagram of the 3.1-cm-diameter water-filled phantom containing four 6-mm-diameter plastic rods used to demonstrate CSCT. materials used by Harding et al. [6] [7] [8] and they were chosen to facilitate direct comparison. Diffraction patterns were acquired at 64 positions as the object was translated through the beam axis at each of 64 angles, generating a total of 4096 diffraction patterns ͑70 kVp, 50 mAs per exposure, 0.30 g/cm 2 Gd filtration, 100 mSv average total dose͒. Each of these diffraction patterns was imaged on a 340 2 pixel region of the CCD, and then segmented into 16 annular rings. These 16 rings become the 16 detector elements, allowing the reconstruction 12 of 16 tomographic images ͓Eq. ͑12͔͒ displaying the coherent scatter intensity at 16 different scatter angles.
The ability of this system to image the coherent-scatter cross section on a pixel-by-pixel basis was demonstrated by selecting several pixels and calculating the cross sections for these pixels from their grey level values in each of the tomographic images. These cross sections were compared with cross sections obtained from single-exposure ͑70 kVp, 200 mAs, 0.30 g/cm 2 Gd filtration͒ diffraction patterns of pure samples of the materials in the phantom. The samples must be thin enough to ensure multiple-scatter events are unlikely, limiting the size to 2 or 3 half-value thicknesses. The samples used were all approximately 6 mm thick.
C. Noise in coherent-scatter CT images
The noise in CSCT was investigated by imaging a uniform 3.1-cm diameter Lucite cylinder and comparing the SNR in the images with the values predicted by theory ͓Eq. ͑20͔͒ as a function of angle. The imaging was performed with a 70 kVp x-ray beam of dimensions 1 mm ϫ 1 mm, with 0.30 g/cm 2 Gd filtration, at 50 mAs per exposure. Forty projections were acquired at each of 40 angles, with a translation of 1 mm between projections. The object-detector separation was 30 cm. Images were reconstructed at 16 scatter angles by dividing the detected diffraction patterns into annuli with each annulus having a width of 3 mm. For each angle, the data were reconstructed onto a grid with 1 mm ϫ 1 mm pixels. The experimental SNR values were calculated by examining the same 4 ϫ 4 pixel ROI in each image, evaluating the mean value and standard deviation within the ROI, and taking the ratio to give the SNR. The theoretical SNR values were calculated using Eq. ͑20͒. This requires knowledge of the ␥͓x( i )͔ values. The shape of the ␥͓x()͔ curve is given by the mean values from the ROIs. However, this method does not give the absolute magnitude of the curve. Therefore, a constant scaling factor was applied to the curve to give the same peak value as that shown in the data of Kosanetzky et al. 13 for Lucite. The solid angle values ⌬⍀ i are those given by Eq. ͑8͒. The incident spectrum was calculated using the method of Tucker et al. 14 and (E) values taken from Plechaty et al. 15 were used to propagate the spectrum through 3.1 cm of Lucite to give the transmitted fluence ͓Eq. ͑21͔͒. It should be noted that in this case a simple calculation where the entire spectrum is propagated through the object using the attenuation coefficient appropriate for the mean energy in the beam results in a value for the transmitted fluence which is virtually identical to the value resulting from the more complicated calculation used here (ϳ 1% difference͒. The values used in the SNR calculation are listed in Table I .
D. Material-specific imaging using basis function analysis
The fact that the angular-dependent coherent-scatter cross section corresponding to each pixel can be determined experimentally from CSCT images suggests it may be possible to identify materials with sufficiently distinctive cross sections. This was investigated by fitting the experimentally measured cross section terms, ␥͓l,x( i )͔, to cross-section basis functions from single exposure diffraction patterns of the materials in the phantom. The amount of material k, m k , is estimated by minimizing the 2 value given by
where ␥ k ͓x( i )͔ is the basis function corresponding to material k, i is incremented over the series of 16 scatter angles, and k is incremented over the 5 possible phantom materials. The values m k were chosen to minimize the 2 value using a non-negative least squares ͑NNLS͒ fitting algorithm.
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IV. RESULTS
A. Images of coherent-scatter CT phantom
CSCT images of the test phantom are shown in Fig. 4 and compared with a conventional clinical CT image. The average total doses were 100 mSv and 34 mSv for the CSCT images and the conventional image, respectively. The CSCT images show material-specific contrast with angle. For example, Lucite is bright ͑high scatter intensity͒ at low scatter angles where water is dark ͑low scatter intensity͒, but this contrast reverses at higher scatter angles. This contrast reversal occurs at a different scatter angle for each material in the phantom.
A cupping artifact occurs in these images which is most easily noticed by comparing the outer Lucite cylinder with the Lucite rod in the interior of the phantom. The outer cylinder is clearly brighter in all of the CSCT images. The artifact is also noticed in the water, which becomes brighter toward the edges of the phantom. This artifact is likely due to the fact that the assumption that the attenuation is the same for all paths through the object is not completely satisfied. There is less attenuation for beam paths through the edges of the object, and this results in the edges appearing brighter.
The coherent-scatter cross sections of a pixel within the water at the center of the phantom and of a pixel within the Lucite rod are shown in Fig. 5 . These cross sections are compared with cross sections obtained from single-exposure diffraction patterns for pure samples of these materials. The excellent agreement suggests that the coherent-scatter cross section can be imaged in a tomographic slice through an object.
B. Noise in coherent-scatter CT images
The comparison between the experimentally measured SNR and the theoretical values as a function of scatter angle is shown in Fig. 6 . This plot shows remarkably good agreement between theory and experiment. The theory correctly predicts the general shape of the curve, with a quick rise, a slight dip around 4°, and then leveling off at higher scatter angles. This leveling off behavior is due to the solid angle term, ⌬⍀ i , in Eq. ͑20͒, which increases as a function of angle and therefore counteracts the ␥͓x( i )͔ term.
C. Material-specific images using basis function analysis
The scatter basis functions for the materials in the CSCT phantom are shown in Fig. 7 . The uncertainty in a given point in a basis function is contingent upon the number of x-ray photons which were scattered into the corresponding annulus and is governed by Poisson statistics. Typically, this leads to an expected SNR of approximately 100 with the imaging parameters and geometry used, although this is dependent on the material and the scatter angle. Therefore, the uncertainties are smaller than the data points on the graph. This expectation is born out by the smoothness of the measured basis function curves. With the exception of the basis functions of nylon and polyethylene, all of the curves are distinctly different. The result of using these basis functions to generate material-specific images is shown in Fig. 8 images, the results are excellent. Due to the similarity between the nylon and polyethylene cross sections, nylon is mistaken for polyethylene.
These images also suggest that the cupping artifact does not result in a misidentification of the materials in the phantom, but simply results in an intensity gradient from the interior to the exterior. With the addition of attenuation information, perhaps from a conventional CT image obtained by detecting the transmitted primary beam incident on the beam stop, it may be possible to correct for this artifact and produce accurate images of the amount of a specific material within each pixel.
V. DISCUSSION
A method of imaging the differential coherent-scatter cross section in a tomographic slice through an object has been described and the feasibility of the method has been demonstrated with the imaging system described here.
The images of the CSCT phantom show material-specific contrast with angle. It is possible to extract the coherentscatter cross section from these CSCT images on a pixel-bypixel basis and these cross sections compare very well with cross sections acquired from diffraction patterns of pure samples of these materials. If the materials in an object have distinctly different cross sections, it is possible to generate basis functions for these materials and use these basis functions to generate material specific images, in which case the method has an excellent ability to distinguish specific materials.
The approximately 15% relative angular spread in the cross-section measurements introduced by the system 5 is the major factor which can hinder material identification. Since the energy spectral width of the x-ray beam is the dominant contributor to this effect, there are several possible solutions to this problem which amount to using a mono-energetic beam or some equivalent to a mono-energetic beam. One possibility is to use an energy sensitive detector. When the x-ray energy is known, the scatter angle corresponding to another specified energy can be computed. In this way, each scatter angle can be numerically adjusted to simulate a mono-energetic scatter pattern. A second possibility might be to deconvolve out the effect of the x-ray spectrum. Using a polycrystalline powder such as aluminum for which the ideal cross section consists of a series of ␦ functions, it may be possible to isolate the effect of the x-ray spectrum and use this information to correct the cross-section measurements of other materials. Finally, the most accurate solution would be to use a synchrotron source to obtain a truly mono-energetic beam.
VI. CONCLUSIONS
This paper describes a method of imaging the differential coherent-scatter cross section in a tomographic slice through an object. The data can be represented as either a series of images which show the coherent-scatter intensity at a series of scatter angles or as a set of material-specific images. The method images the coherent-scatter diffraction pattern of an object using a diagnostic x-ray beam and image intensifierbased system and uses a series of these measurements acquired at different translational positions and rotational angles to reconstruct tomographic images.
Coherent-scatter properties are determined by the atomic structure of matter. Even amorphous materials are distinct at this level in terms of average atomic spacings, and hence measurements of the angular-dependent coherent-scatter cross section can provide useful information about biological tissues. The system will be calibrated for BMC imaging by measuring the cross sections of the materials in bone, namely hydroxyapatite, collagen, water, and fatty tissues, and using these cross sections as basis functions for material-specific imaging of bone specimens.
These results suggest that it will be possible to develop a clinical CSCT system for imaging extremities, which will provide a more accurate technique for assessing BMC than is currently available, since CSCT is not susceptible to the errors introduced by variable fat content or tissue density. This would be possible with an x-ray dose 2 or 3 times that of a conventional CT exam.
